We examined the separate and interactive effects of light, nutrients, and zooplanktivorous fish on phytoplankton nutrient stoichiometry, taxonomic richness, community composition, and the associations among these variables. We manipulated light supply, nutrient supply, and zooplanktivorous fish (presence or absence), in a factorial design using mesocosms containing regional phytoplankton and zooplankton assemblages. C : N and C : P were highest under high nutrients and high light. We observed interactive effects on the relative abundance of major phytoplankton taxa. Chlorophytes were most abundant in the majority of the treatments, although cyanobacteria dominated under high light, low nutrients, and with fish present. Cryptomonads were rare in all but the low-light, high-nutrient treatment. Relative abundance of diatoms was negatively affected by light, but only in the presence of fish. Chlorophyte relative abundance (% chlorophytes) was positively correlated with seston C : P, while relative abundances of diatoms and cryptomonads were negatively correlated with C : P. Phytoplankton taxon richness was positively associated with both % chlorophytes and seston C : P, and the number of chlorophyte taxa increased disproportionately with total taxon richness. Assemblage-level stoichiometric responses may be driven not only by direct responses to resource supply ratios, but also by algal community response. In particular, factors that increase taxonomic richness and both the richness and biomass of chlorophytes also result in increased seston C : P. Our results suggest strong feedbacks between phytoplankton community composition and stoichiometry, induced by interactive effects of light, nutrients, and predators.
Light, nutrients, and grazers can strongly influence phytoplankton biomass, stoichiometry, and community composition (Reynolds et al. 1993; Sterner et al. 1997; Sterner and Elser 2002) . However, because phytoplankton taxa are differentially adapted to particular resource supply and grazing rates, and individual taxa exhibit tradeoffs in their abilities to use resources and deter grazers (Reynolds et al. 1993; Litchman et al. 2007; Litchman and Klausmeier 2008) , community-level response to the combined effects of light, nutrients, and grazers may be complex.
Phytoplankton life-history adaptations to differential resource and grazing regimes include morphological, chemical, and behavioral (e.g., motility or buoyancy regulation) attributes, and may mediate community-level responses to these factors (Litchman and Klausmeier 2008) . For example, some algae deter grazers using spines or sheaths (e.g., some diatoms and chlorophytes); (Sommer 1988) , or colonial growth form (Happey-Wood 1988; Paerl 1988; Sandgren 1988) . Other taxa have adaptations that help them compete for resources. Fast-growing species, such as many small flagellates (e.g., some chlorophytes and cryptomonads) can quickly utilize pulses of nutrients, but are at a disadvantage under low-nutrient conditions because they require high resource levels for rapid growth (Happey-Wood 1988; Klaveness 1988) . Even within a taxonomic group, algae vary in their competitive abilities. For example, Lange et al. (2011) showed a tradeoff between the response of benthic diatom species to grazing and nutrient enrichment. Species that were well-adapted to withstand grazing pressure were not able to respond as strongly to high resource levels, and vice versa. Thus, grazing and resource supply (light and nutrients) may jointly regulate phytoplankton community composition in complex ways.
The stoichiometric composition of phytoplankton assemblages also may respond in a complex manner to interactive effects of light, nutrients, and grazing, and may be related to phytoplankton diversity and species composition (Dickman et al. 2006 , Hall et al. 2007 , Striebel et al. 2008 ). The light : nutrient hypothesis predicts that an increased light : phosphorus supply ratio leads to increased algal cell carbon : phosphorus (C : P) ratio (Sterner et al. 1997) , and studies ranging in scale from microcosms to whole lakes support this hypothesis (Sterner and Elser 2002; Dickman et al. 2006; Striebel et al. 2008) . However, because phytoplankton taxa vary in specific requirements for, and responses to, light and nutrient resources (Litchman and Klausmeier 2008) , phytoplankton composition may mediate the response of seston stoichiometry to the light : nutrient ratio. Some of the variability in stoichoimetric responses of phytoplankton communities can be explained by differences in resource utilization. For example, N-fixers may exhibit higher cell N : P than non N-fixers, given their ability to fix atmospheric N 2 (Healey and Hendzel 1980) . Likewise, phytoplankton with higher growth rates and, therefore, high P requirements for ribosomal ribonucleic acid (RNA) may exhibit lower N : P (Sterner and Elser 2002; Klausmeier et al. 2004 ). Conversely, with low light supply phytoplankton require more N for light-harvesting and, therefore, would exhibit high cell N : P (Rhee and Gotham 1981) . Lab monoculture studies clearly show that different species have contrasting cell stoichiometries (Healey and Hendzel 1979; Klausmeier et al. 2004 ).
Recent work also shows that species-rich phytoplankton assemblages may exhibit a larger range of aggregate stoichiometry (e.g., seston C : N, C : P, or N : P) than simple assemblages, in response to changes in resource supply (Dickman et al. 2006; Striebel et al. 2008 Striebel et al. , 2009b . The mechanism behind the richness effect may be that more diverse assemblages can use light more efficiently, owing to complementarity among species in secondary pigments and light-harvesting abilities. This leads to greater C storage per unit nutrient available and, hence, higher C : nutrient ratios, in species-rich assemblages (Ptacnik et al. 2008; Striebel et al. 2009b) .
It is not clear how responses to light and nutrients interact with grazing to determine community-level responses in species composition and stoichiometry, because species interact in various ways and there are probably feedbacks in the stoichiometric responses to variation in grazing and resource supply (Hall et al. 2007) . Grazers may shift algal species composition, and this can result in changes in whole-assemblage stoichiometry because algal species differ in cellular stoichiometry. For example, grazing may increase the prevalence of gelatinous taxa, which may have high cell C : P owing to C-rich gelatinous structures (Beardall et al. 2009 ). Variation in the grazer community may also affect seston C : N : P ratios via several mechanisms (Hall et al. 2007; Liess and Kahlert 2009) . Intense grazing could depress phytoplankton biomass, leading to more nutrients and light per surviving phytoplankton cell (Hall et al. 2007 ). In addition, consumers (including zooplankton and fish) recycle nutrients, which may affect phytoplankton cell nutrient contents. Finally, grazer species vary in their body nutrient contents and, thus, the rates and ratios at which they recycle nutrients. For example, Daphnia, some other cladocerans, and some copepod nauplii have relatively high body P contents and, hence, low body N : P (Sterner and Elser 2002; VillarArgaiz and Sterner 2002; Ferrao et al. 2007 ). Therefore, dominance by these grazers could lead to a high N : P supply ratio and ultimately high seston N : P. In addition, direct mortality effects of grazing may lead to communitylevel effects that interact with nutrient-cycling effects of grazers (Hall et al. 2007) .
Globally, phytoplankton C : N and C : P are predicted to increase in future years associated with climate change because of increased atmospheric CO 2 concentrations (hence, C supply to phytoplankton) and shallower mixing depths (Van De Waal et al. 2010) . A shallower mixing depth may increase average light intensity experienced by phytoplankton, and decrease nutrient supply from below the thermocline, resulting in a higher light : nutrient supply ratio. In addition, introductions and local extinctions of fish and other predators are occurring at rapid rates in freshwater ecosystems (Eby et al. 2006) , and are likely to shift grazing regimes. Therefore, it is important to investigate how variations in light, nutrients, and grazing together influence phytoplankton communities and stoichiometry, and how community composition and stoichiometry covary. Few studies have explicitly examined the linkages between community-level stoichiometry and composition (Klausmeier et al. 2004; Gladyshev et al. 2007; Hall et al. 2007 ). Hall et al. (2007) found that although phytoplankton stoichiometry responded to light and nutrient supply as predicted by the light : nutrient hypothesis, phytoplankton community composition and seston C : P stoichiometry were also highly correlated; they suggested that phytoplankton community composition may mediate seston stoichiometric response. Additionally, it has been suggested by Liess and Kahlert (2009) that selective grazing can indirectly affect phytoplankton stoichiometry by regulating the relative abundance of taxa with contrasting cellular stoichiometries.
Although many previous studies have examined phytoplankton responses to light and nutrients (Sterner and Elser 2002; Striebel et al. 2008 ), or to fish and nutrients (Brett and Goldman 1997) , the combined effects of all three factors on phytoplankton community composition and stoichiometry are not well-understood. Light, nutrients, and grazing can interact to affect periphyton compositional diversity (Liess et al. 2009 ); however, to our knowledge the combined and interactive effects of all three factors have not been experimentally explored in pelagic systems. Thus, we manipulated light, nutrients, and zooplanktivorous fish in a fully factorial field experiment to examine their separate and interactive effects on phytoplankton biomass, nutrient stoichiometry, and community composition. We expected that phytoplankton biomass and production would respond positively to increased resource supply (light and nutrients) and decreased grazing (increased zooplanktivory), based on the many studies examining these factors. However, we focus on the interactive effects of these three factors, as well as associations among phytoplankton community composition, richness, and stoichiometry. Specifically, we predicted the following: (1) Phytoplankton community composition will be affected interactively by light, nutrients, and fish. Because phytoplankton taxa are differentially adapted to resource and grazing regimes, it is sometimes possible to predict responses to manipulations of single factors. For example, because diatoms and cryptomonads are particularly suited to low light conditions (Klaveness 1988; Litchman and Klausmeier 2008) , we predict that they will be more abundant in low-light treatments. Likewise, chlorophytes have high resource requirements (Happey-Wood 1988) and, thus, we predict that they will be the most abundant in high-light and nutrient treatments. However, the effects of these treatments are likely to be interactive; thus, the community-level effects of light, nutrients, or fish are likely to depend on each other. (2) Seston C : N : P ratios will be affected by light and nutrient supply, as well as grazing pressure. Specifically, (a) seston C : nutrient ratios will increase with the light : nutrient supply ratio as suggested by the light : nutrient hypothesis, and (b) zooplanktivory will affect seston C : N : P ratios because grazing mortality differently affects phytoplankton species with contrasting C and nutrient contents, and possibly because various zooplankton assemblages differentially recycle nutrients. (3) Seston C : P will be related to phytoplankton community composition and taxonomic richness. Specifically, we predict that C : P will be negatively correlated with percent biovolume of diatoms and cryptomonads and positively correlated with chlorophytes (Hall et al. 2007 ) and that C : P will be positively correlated with taxonomic richness (Striebel et al. 2009b ).
Methods
Experimental design and sampling-To investigate the effects of light, nutrients, and zooplanktivorous fish on phytoplankton, we conducted a mesocosm experiment at Miami University's Ecology Research Center (ERC), Oxford, Ohio, from 30 May to 25 July 2005. We utilized a fully factorial design in 24 mesocosms, each with a volume of 5000 liters and a depth of 1.4 m. We employed two levels of light (high and low), two levels of nutrients (high and low), and two levels of fish (presence or absence) for eight total treatments. Data on food-chain efficiency (fish production/primary production) as well as some aggregate data on zooplankton and phytoplankton, are presented in Dickman et al. (2008) . Here we focus on the responses, and inter-relationships, of phytoplankton taxonomic composition, richness, and stoichiometry.
Because we did not want to bias our experiment by using phytoplankton species from high-or low-productivity systems, we filled mesocosms 25% with water from Acton Lake (a nearby hypereutrophic reservoir) and 75% with water from an oligotrophic pond at the ERC, providing a regional assortment of plankton species representative of local waterbodies. Acton Lake contains phytoplankton typical of eutrophic systems, including cyanobacteria (Dickman et al. 2006) , and the ERC pond contains species typical of low-productivity systems (M. J. Vanni unpubl.) . Adding taxa from unproductive and productive habitats increases the likelihood that treatment effects are due to species-specific responses to light, nutrients, and fish rather than to chance events due to dispersal limitation.
Light was manipulated using lids with or without 90% light-reduction shade cloth (DeWitt). All lids were covered with clear plastic in order to minimize allochthonous inputs and were raised 7.6 cm from the top of the mesocosms to allow for air exchange. The lids reduced the light in the mixed layer of the mesocosms to 4% or 40% of ambient light levels, resulting in average mixed-layer light levels of 50 mmol m 22 s 21 and 550 mmol m 22 s 21 (low-and highlight treatments, respectively) between sunrise and sunset. These light levels are representative of those found in lowand high-productivity reservoirs in our area (Knoll et al. 2003; Vanni et al. 2006) . Nutrients (N and P) were added at a concentration of 50 mg N L 21 and 5 mg P L 21 as NH 4 NO 3 and NaH 2 PO 4 3 H 2 O, respectively, to half of the mesocosms 3 times/week to maintain high nutrient levels. Nutrients were first dissolved in milli-Q water and dispensed to mesocosms in 50-mL aliquots. At the weekly scale, these loading rates are comparable to watershed inputs to eutrophic Acton Lake (Vanni et al. 2001) . At the beginning of the experiment, total P was , 30 mg P L 21 in all mesocosms.
Larval gizzard shad (Dorosoma cepedianum) were added to the 'fish present' treatments to indirectly affect phytoplankton biomass through their predation of zooplankton, thereby decreasing herbivory. Larval gizzard shad were used because they are prevalent in Midwestern reservoirs and are obligately zooplanktivorous as larvae (Drenner et al. 1982) . Larval fish were collected from adjacent ponds to which adult gizzard shad were stocked as spawners, as described in Dickman et al. (2008) . Larval fish were inadvertently added to one replicate originally assigned to the high-light, high-nutrient, fish-absent treatment. In addition, tadpoles colonized one replicate of the high-light, low-nutrient, fish-present treatment and grazed down periphyton to very low levels; we did not use this mesocosm because of suspected effects on nutrient availability for phytoplankton. Therefore, the high-light, highnutrient, fish-present treatment had four replicates (including the one to which fish were added inadvertently), whereas the high-light, high-nutrient, fish-absent and highlight, low-nutrient, fish-present treatments each had two replicates. All other treatments had three replicates.
Initial samples were taken to assess phytoplankton and limnological parameters on 30 May 2005, before treatments were applied, and this revealed that initial phytoplankton communities were similar in all mesocosms. Subsequently, treatments were applied and samples integrated through the water column were taken to quantify phytoplankton biomass (chlorophyll a [Chl a]), composition, and stoichiometry. Limnological parameters (light intensity, water temperature, dissolved oxygen) were measured 3 times/ week. Light was measured as photosynthetically active radiation in 0.5-m increments using a Li-Cor 1400 light meter with a spherical quantum sensor. There were no major differences among treatments or within the water column in temperature or dissolved oxygen, indicating that the water remained well-mixed (data are available but not presented here). Integrated water samples were collected from the surface to 1 m during alternate weeks for phytoplankton counts, once a week for primary production measurements, twice a week for seston C, N, and P stoichiometry, and three times a week for Chl a. Phytoplankton samples were preserved in Lugol's solution, and water for primary production analysis was kept at mesocosm temperature in dark Nalgene bottles until experiments were performed (Knoll et al. 2003) . Zooplankton samples were taken weekly using a Schindler-Patalas trap and were preserved in sugar-formalin.
Sample analysis-Chl a samples were filtered onto Pall A/E glass-fiber filters and frozen in the dark. Chl a was extracted from the filters in the dark at 4uC using acetone and quantified with a Turner model TD-700 fluorometer. We screened seston C, N, and P samples through a 63-mm mesh to remove most zooplankton, and subsequently filtered the seston onto pre-ashed Pall A/E glass-fiber filters. C and N were measured using a Perkin Elmer Series 2400 carbonhydrogen-nitrogen analyzer (Perkin Elmer), and P samples were analyzed following HCl digestion using the molybdenum blue method with a Lachat QC 8000 FIA autoanalyzer (Lachat Instruments; Stainton et al. 1977 ). Seston C, N, and P concentrations were used to calculate C : N, C : P, and N : P ratios, which are expressed in molar units.
Phytoplankton were counted and identified to lowest possible taxonomic unit on an inverted microscope using the Utermö hl procedure (Wetzel and Likens 2000) . We measured 20 cells of each taxon and calculated biovolume using the formula of the nearest geometric shape. Phytoplankton primary production (PPr) was measured weekly using 14 C uptake following the methods of Fee (1990) . Specifically, phytoplankton samples were collected from each mesocosm and transported to the lab, where incubations were done. Na 14 CO 3 was added to a 900-mL sample from each mesocosm, which was then divided among nine biological oxygen demand (BOD) bottles. Na 14 CO 3 was added at a concentration of 2.8-5.5 mCi L 21 of mesocosm water, depending on the estimated mesocosm productivity. BOD bottles were incubated at mesocosm temperature across a gradient of light levels between 20 mmol m 22 s 21 and 900 mmol m 22 s 21 for , 1.5 h (exact incubation time for each bottle was recorded and used to calculate 14 C uptake rates). A 1000-W metal halide Sylvania bulb was used to supply light to the incubating bottles. 14 C uptake by the algae in each of these bottles was measured to obtain a photosynthesis-irradiance (P-I) curve for each mesocosm. Photosynthetic parameters obtained from the P-I curves, along with Chl a and light intensity, were used in the program ''YPHOTO'' (Fee 1990 ) to estimate production rates across the duration of the study. We directly measured PPr weekly; therefore, we interpolated between weekly measurements to estimate experiment-long primary production rates for each mesocosm.
Zooplankton biomass was assessed through counts and measurements of weekly samples from each mesocosm, as described in detail in Dickman et al. (2008) . To measure the potential effect of zooplankton grazing on phytoplankton, we estimated zooplankton clearance rates using regressions relating individual clearance rate to zooplankter length, presented in Peters and Downing (1984) . We used the 'cladoceran' equation (1) for cladocerans, the 'calanoid' equation (2) for calanoid copepods, and because there is no equation specific to the rotifers, we used the 'all zooplankton' equation (3). V is individual clearance rate (mL individual 21 d 21 ), W is animal dry weight (mg), S is phytoplankton biovolume (10 6 mm 3 mL 21 ) and R is mean phytoplankton volume (mm 3 ). Zooplankton dry weight (W) was estimated using length-weight regressions as described in Dickman et al. (2008) , and S and R were obtained as described above. C, C a , M represent the volume (mL), volume per animal (mL), and duration (min) of laboratory feeding experiments used to generate the clearance rate equation. Because C, C a , and M do not apply to our mesocosm experiment, we used the median values for these parameters, given in table 2 of Peters and Downing (1984) . Although there has been much research on zooplankton grazing rates since the publication of Peters and Downing (1984) , recent studies show that this equation adequately estimates clearance rates (Tirok and Gaedke 2006) , even for rotifers (Hambright et al. 2007 ). On each date on which zooplankton were enumerated, we calculated a mean clearance rate (mL individual 21 d 21 ) for each zooplankton taxon in each mesocosm, and multiplied this by population density (individuals L 21 ) to obtain population clearance rate (mL L 21 d 21 ). These were then summed to yield a community clearance rate. 
Statistical analyses-We employed a three-way repeatedmeasures ANOVA (JMP 8.0, SAS; Sokal and Rohlf 1995) to assess the temporal and treatment effects of light, nutrients, and fish on phytoplankton responses. We could not assume sphericity of our data (as revealed by Mauchly's Sphericity Test), so for repeated-measures ANOVA we report the Greenhouse-Geisser Epsilon (von Ende 1993). Light, nutrients, and fish were betweensubjects factors, time was the within-subjects factor, and Chl a, C : N, C : P, N : P, and cryptophytes, chlorophytes, cyanobacteria, diatoms, and phytoplankton taxon richness were response variables. For the four phytoplankton groups, we ran ANOVAs on both actual biovolume and the group's percentage contribution to total biovolume (% biovolume). This is because % biovolume seems most appropriate when evaluating overall shifts in community composition, while actual biovolume seems most apt when evaluating the response of a particular group. Primary production was averaged across the duration of the study to give a mean daily carbon fixation rate for each mesocosm. A three-way ANOVA was then employed to assess treatment differences in primary production. Likewise, average phytoplankton Chl a : biovolume responses to light, nutrients, and fish were assessed using a three-way ANOVA. Prior to all statistical analyses, nutrient stoichiometry, primary production, Chl a, and biovolumes were ln-transformed, and % biovolumes of major phytoplankton taxa were arcsin-square-root-transformed to homogenize variances.
To explore the relationship between phytoplankton community composition and stoichiometry, we conducted simple linear regressions of seston C : P vs. % biovolume for each of the major taxonomic groups, using averages of all dates as observations (i.e., 1 observation/mesocosm). Percent composition of each taxonomic group was arcsinsquare-root-transformed, and C : P was ln-transformed for these analyses. Similarly, we used simple linear regression to examine the relationship between phytoplankton taxonomic richness (No. of distinct taxa, not necessarily species) and seston C : P. We used richness instead of more complex indices (e.g., Shannon diversity or evenness) so that we could directly compare our results to Striebel et al. (2009b) , who used richness because it accounts for rare taxa that collectively may be important. The relationship between richness and C : P may depend on nutrient status; specifically, a stronger relationship is expected under high nutrients, where light is more likely to be limiting, as shown by Striebel et al. (2009a,b) . In addition, we also found a strong effect of fish on phytoplankton richness (see Results). Therefore, we also asked whether the richness-C : P relationship differs depending on nutrient status or the presence of fish. To address this, we conducted separate linear regressions of richness vs. seston C : P at low vs. high nutrients, and in the absence vs. presence of fish.
Results
Phytoplankton biomass and primary production-Chl a concentration was strongly correlated with phytoplankton biovolume (r 2 5 0.76, p , 0.0001, F 1 5 67.42, n 5 23). Thus, because we sampled Chl a much more frequently, it was used as a surrogate for phytoplankton biomass. Chl a exhibited significant time and treatment effects ( Fig. 1A,B ; Table 1 ). After Chl a declined in all treatments during the first 2 weeks of the experiment, treatment effects became evident and were strongest toward the end of the experiment. The initial decline in Chl a likely occurred as phytoplankton composition shifted from a dominance of taxa found in the source communities (ERC pond and Acton Lake) to those that would dominate the treatments for the duration of the study. Phytoplankton biomass and primary production were highly correlated with each other (r 2 5 0.88, p , 0.0001, F 1 5 159.81, n 5 23); both were highest at high light and nutrient supply. Light, nutrients, and fish had positive individual effects on phytoplankton biomass and production, with stronger nutrient effects at high light (Fig. 1A ,B,C; Table 1 ). Additionally, light effects on biomass were stronger with high nutrients and in the presence of fish (Fig. 1A,B inserts) .
The presence of fish positively affected phytoplankton biomass, evidently by suppressing zooplankton biomass and grazing (Fig. 2) . Estimated clearance rates were 8-163 higher in the absence of fish than in their presence, and rates often exceeded 100% of the water column per day in the low-light, fish-absent treatments (Fig. 2B) . We observed a dampening of the trophic cascade (i.e., phytoplankton biomass responded proportionally less than zooplankton biomass to fish). Specifically, chlorophyll was 1.2-1.73 higher in the presence of fish than in their absence (depending on treatment), averaged over the duration of the experiment (Fig. 1A,B) . In contrast, zooplankton biomass was 6-93 higher in the absence of fish than in their presence ( Fig. 2A) . In a meta-analysis of 54 trophic-cascade experiments conducted in mesocosms, Brett and Goldman (1996) found that such a dampening effect is common, and the magnitude of the dampening effect we observed is well within the range they found in their meta-analysis.
Phytoplankton composition and richness-Chlorophyta was the most prevalent phytoplankton group, comprising the highest % biovolume in five out of eight treatments, and the second highest % biovolume in the remaining treatments (Fig. 3A) . In the absence of fish and with high resources, chlorophytes were most abundant, composing up to 91% of total biovolume (Fig. 3A) . Cyanobacteria was the most abundant group in the high-light, lownutrient, fish-present treatment, composing up to 76% of total biovolume by the end of the study (Fig. 3B) . Cyanobacteria composed less than half of total phytoplankton biovolume in all other treatments ( Fig. 3B ; Table 1 ). ANOVA revealed that % diatom biovolume was significantly affected by light level, with higher proportional biovolume of diatoms in low-than high-light conditions (Table 1) . However, this effect was more consistent in the presence of fish, where low-light treatments had higher % diatom biovolume on each of the final three dates. In contrast, in the absence of fish, the effect was more evident in the middle of the experiment than at the end (Fig. 3C) . Cryptomonads remained relatively scarce for the duration of the study except in the low-light, high-nutrient, fish-present treatment; in this treatment, they were the most abundant group, although they composed . 50% of total biovolume only on one date ( Fig. 3D ; Table 1 ).
Overall, ANOVA results were similar for actual biovolumes and % biovolumes (Table 1 ). For example, the effect of light on the abundance of all taxonomic groups was significant regardless of whether actual or % biovolume was used. Similarly the nutrient effect on chlorophytes and cryptomonads, and the fish effect on cyanobacteria and cryptomonads, were significant for both actual and % biovolume (Table 1) . However, in some cases actual and % biovolume responses differed in terms of significance. For example, we observed a significant effect of nutrients on % diatom biovolume and % cyanobacteria biovolume, but not on the actual biovolumes of these groups (Table 1) . For both of these groups, % biovolume was lower under highnutrient conditions than under low-nutrient conditions (although not for diatoms in the presence of fish; Fig. 3B,C) , suggesting that other groups increased at the expense of these two groups.
Phytoplankton taxon richness was significantly affected by all three factors, and the light 3 nutrients and nutrients 3 fish interactions were also significant (Table 1) . Richness was higher in the presence of fish, across all light and nutrient combinations ( Fig. 3E; Table 1 ). Richness was also higher under high-light and -nutrient conditions, while under lowlight conditions nutrient addition decreased richness. Nutrients also decreased richness in absence of fish but had no consistent effects in the presence of fish ( Fig. 3E; Table 1 ). By the end of the experiment, richness varied greatly among treatments; it was highest (40 taxa) in the high-light, highnutrient, fish-present treatment and lowest (13 taxa) in the low-light, high-nutrient, fish-absent treatment.
Seston stoichiometry-Seston stoichiometry responded dynamically to the effects of light, nutrients, and fish, with the strongest treatment responses at the end of the experiment (Fig. 4) . As predicted by stoichiometric theory, there was a positive effect of light on both seston C : N and C : P. However, contrary to predictions, under high-light conditions we observed a positive effect of nutrients on C : P. Light, nutrients, and fish all had significant positive Phytoplankton communities and C : N : Peffects on seston N : P. Seston C : N, C : P, and N : P were interactively affected by light and nutrients ( Fig. 4 ; Table 1 ), and for all ratios, nutrient effects were stronger at high light.
Relationships among stoichiometry, composition, and richness-% chlorophyte biovolume was positively correlated with seston C : P (Fig. 5A ) but % cyanobacteria biovolume was not significantly related to C : P (Fig. 5B) . In contrast, % cryptomonads and % diatoms were negatively correlated with seston C : P (Fig. 5C,D) . The negative relationship between C : P and % cryptomonads was driven by the only treatment (low light, high nutrients, fish present) in which this group was common (Fig. 5D ). Phytoplankton taxon richness was positively correlated with seston C : P, and the eight treatments sorted out distinctly (Fig. 5E) . The richness-C : P relationships thus differed, depending on nutrient status and the presence or absence of fish. Specifically, the richness-C : P correlation was significant at high nutrients (r 2 5 0.58, p 5 0.0041, F 1 5 13.65, n 5 12) but not at low nutrients (r 2 5 0.05, p 5 0.5131, F 1 5 0.46, n 5 11), similar to the findings of Striebel et al. (2009b) . In addition, the richness-C : P correlation was very strong in the presence of fish (r 2 5 0.89, p , 0.0001, F 1 5 83.25, n 5 12; all nutrient treatments combined) but not significant in the absence of fish (r 2 5 0.33, p 5 0.0642, F 1 5 4.45, n 5 11). The significant correlations between phytoplankton taxonomic composition and seston C : P, and between richness and C : P, prompted us to directly examine relationships between richness and composition. Phytoplankton taxon richness was positively correlated with % chlorophytes, the most abundant group in terms of both biovolume and number of taxa (Fig. 5F ). Correlations between richness and % biovolume of other groups (cyanobacteria, cryptomonads, diatoms) were not significant (r 2 , 0.05, p . 0.31 in all cases). As with the richness-C : P relationship, the eight treatments sorted out distinctly (Fig. 5F ), and the relationship depended on nutrient status. Specifically, the richness-% chlorophyte relationship was significant at high nutrients (r 2 5 0.36, p 5 0.0395, F 1 5 5.60, n 5 12) but not at low nutrients (r 2 5 0.003, p 5 0.8649, F 1 5 0.03, n 5 11). The richness-% chlorophyte relationship was similar with fish present (r 2 5 0.54, p 5 0.0065, F 1 5 11.71, n 5 12) or absent (r 2 5 0.46, p 5 0.0210, F 1 5 7.79, n 5 11); however, the variance explained by both of these separate regressions was higher than that observed when all treatments were pooled (r 2 5 0.26, p 5 0.0112, F 1 5 7.72, n 5 23), because of the shift to higher richness in the presence of fish (Fig. 5F ).
Discussion
We tested several predictions related to the interactive effects of light, nutrients and zooplanktivorous fish on phytoplankton species composition and stoichiometry, and the relationships among phytoplankton composition, richness, and stoichiometry. We evaluate each of these predictions below.
Prediction 1: Phytoplankton communities are interactively affected by light, nutrients, and zooplanktivory-This prediction was supported, because the absolute and relative abundance of phytoplankton groups were affected interactively by our treatments. For example, of the 12 possible two-way interaction effects on phytoplankton composition (light 3 nutrients, light 3 fish and fish 3 nutrients, for each of the 4 phytoplankton groups), 8 were significant. Furthermore, the number of significant interactions was the same whether we used absolute or % biovolume (although the specific interactive effects differed somewhat for absolute vs. % biovolume; Table 1 ). Phytoplankton species richness was also significantly influenced by all three main effects (light, nutrients, and fish), and by two of the three possible two-way interactions. In addition, four of nine possible two-way interactions were significant for seston nutrient ratios, and the light 3 nutrient effect was significant for all three ratios. Overall, our results thus support the notion that light, nutrients, and fish interactively regulate phytoplankton community composition, richness, and stoichiometry.
The particular responses of phytoplankton communities to light, nutrients, and zooplanktivorous fish suggest that even among broad taxonomic groups, phytoplankton taxa are differentially adapted to environmental conditions (Reynolds 1984; Reynolds et al. 1993 ). Thus, to some extent responses were predictable based on prior studies. For example, phytoplankton community composition has been shown in a variety of lakes to vary extensively with nutrient availability, as observed in our study (Jensen et al. 1994 , Watson et al. 1997 [ Fig. 3 ; Table 1 ]). Our results agree with prior observations that chlorophytes tolerate a variety of conditions and do well at high light (HappeyWood 1988). However, light and fish effects were interactive for both absolute and % chlorophyte biovolume, with stronger light effects in the absence of fish ( Fig. 3A; Table 1 ). It is possible that high grazing pressure in absence of fish favored relatively grazing-resistant chlorophytes that were able to respond to variation in light, whereas low grazing (fish present) favored other phytoplankton taxa that outcompeted the chlorophytes. Also, percent diatom biovolume was highest in low-light treatments, consistent with previous studies showing that diatoms thrive when they are periodically exposed to low light levels (Litchman 1998; Huisman et al. 2004; Litchman and Klausmeier 2008 [ Fig. 3C ; Table 1] ). However, the light effect was evident only in the presence of fish, perhaps because high grazing pressure overrides the light effect in absence of fish.
Two groups, cyanobacteria and cryptomonads, each dominated phytoplankton biovolume only in one particular treatment (Fig. 3B,D) . In the high-light, low-nutrient, fish-present treatment, the assemblage was dominated by single-celled cyanobacteria taxa. These smaller taxa are generally more edible than large, colonial species, and may be favored only when grazing pressure was low (i.e., with fish present [Liess and Kahlert 2007; Litchman and Klausmeier 2008; Liess and Kahlert 2009] ). Similarly, cryptomonads, which dominated only in the low-light, high-nutrient, fish-present treatment, are particularly susceptible to grazing (Sterner 1989) , and may have benefitted from the presence of planktivorous fish. In addition, conditions that are poor for other species, such as low light, sometimes favor cryptomonads (Stewart and Wetzel 1986; Klaveness 1988 ).
Prediction 2a: Seston C : nutrient ratios will increase with the light : nutrient supply ratio-Although seston C : nutrient increased with increasing light, in accordance with the light : nutrient hypothesis, it also increased with increasing nutrient supply, which is contrary to predictions (Fig. 4A,B) . The nutrient effect may have been mediated by phytoplankton growth and shifts in species composition, because the response of producers to resource supply can be species-specific and can be manifested at the level of seston stoichiometry (Sterner and Elser 2002; Hall et al. 2005 Hall et al. , 2007 . For example, the increase in seston C : P we observed under high-light, high-nutrient conditions coincided with a pronounced increase in phytoplankton biomass (and % chlorophytes, which typically have high growth rates). It is possible that high photosynthetic rates during this period led to higher C : nutrient ratios (Healey 1985) . Although light and nutrient supply rates are strong determinants of cellular stoichiometry, especially within a species, the increase in C : P with increased nutrients suggests that phytoplankton community composition mediates the stoichiometric response at the aggregate (seston) level. This is also suggested by the correlations between phytoplankton community composition and C : P, as discussed in the next section, and the results of Hall et al. (2007; Fig. 5 ).
In our experiment, all three seston stoichiometric ratios (C : N, C : P, and N : P) responded more strongly to light under high nutrients, than under low nutrients, and it is useful to compare these interactive effects with those reported in other studies. Liess et al. (2009) observed stronger effects of light on the C : N of periphytic diatoms under high nutrients, similar to our results. However, in three other previous studies the interactive effect on seston C : P was opposite in direction compared to our findings (i.e., seston C : P responded to light more strongly under low nutrients, than under high nutrients [Hall et al. 2004; Dickman et al. 2006; Striebel et al. 2008] ). It is possible that we observed a stronger response of C : P to light under high nutrients because phytoplankton richness was increased by high light only at high nutrients but not at low nutrients. C : P seems to respond more strongly to light when phytoplankton species richness is high, possibly because greater diversity is associated with a wider range of speciesspecific cell stoichiometries (Dickman et al. 2006; Striebel et al. 2008 ).
Prediction 2b: Seston C : nutrient ratios will vary with zooplanktivory-The presence of zooplanktivorous fish increased seston C : P and N : P (although effects were small compared to light and nutrient effects), although the marginally significant light 3 fish interaction effect on C : P suggests that fish had proportionally stronger positive effects on C : P at low light (Figs. 4, 5; Table 1 ). It is difficult to discern the mechanism(s) by which fish affected stoichiometric ratios, but we can probably rule out some mechanisms. All else being equal, suppression of Daphnia by fish should lead to decreased seston C : P and N : P, because Daphnia sequester relatively high amounts of P in their bodies, leading to a high N : P excretion ratio and, hence, high seston N : P and C : P. Daphnia were a dominant member of our fishless, low-light treatments but were extirpated from treatments with fish early in the experiment (J. M. Bobson unpubl.; Dickman et al. 2008 ). However, seston C : P ratio was lower in low-light treatments without fish than in low-light treatments with fish (Figs. 4, 5 ). This suggests that the direct effect of low light (which should lower seston C : P) outweighed the effect of Daphnia (which should increase seston C : P). In addition, nauplii were dominant or co-dominant in treatments with fish (Dickman et al. 2008) , and they also have relatively high body P. Thus, a shift in relative dominance from Daphnia in the absence of fish to nauplii in the presence of fish may result in little change in terms of the allocation of P to zooplankton bodies vs. excreta, and thus in seston C : P or N : P. This suggests that effects of fish on seston stoichiometric ratios were not mediated by alterations in N : P excretion ratios caused by changes in zooplankton species composition.
The higher total phytoplankton biomass observed in the presence of fish could have increased P demand, per unit phytoplankton biomass, and this could conceivably account for the higher C : P and N : P in the presence of fish (Hall et al. 2007 ). In addition, grazing-induced differences in phytoplankton composition among treatments may have led to differences in seston stoichiometry, because phytoplankton taxa vary in their C : N : P stoichiometry (Klausmeier et al. 2004; Hall et al. 2007 ). This mechanism is supported by the strong correlations we observed between seston stoichiometry and community composition, which is discussed further in the next section.
It is possible that fish effects on seston stoichiometry were mediated by excretion of nutrients by fish (Vanni 2002 ). We did not measure nutrient excretion rates of fish, so it is difficult to evaluate how this process would affect seston stoichiometry in conjunction with other factors. Larval gizzard shad of the size we used probably excreted nutrients at an N : P ratio less than Redfield during most of our experiment (Pilati and Vanni 2007) ; thus, the direct effect of excretion by fish would presumably be to lower seston N : P and C : P, rather than to increase it. This suggests that excretion by fish did not, in and of itself, cause the differences in seston C : P and N : P between treatments with and without fish. However, excretion by fish could have contributed to increased phytoplankton biomass, which as mentioned above, may have resulted in lower P supply per unit phytoplankton biomass, and subsequently higher seston C : P and N : P. Such an effect was observed in a field experiment with adult gizzard shad. In this experiment, gizzard shad stimulated phytoplankton biomass, as well as seston C : P and N : P, and fish effects on seston stoichiometry were attributed to decreased nutrient availability per unit phytoplankton (Schaus and Vanni 2000) .
Prediction 3: Seston C : P will be related to phytoplankton community composition and richness-In support of this prediction, seston C : P was significantly correlated with the proportional biovolume of several major taxonomic groups, and with taxonomic richness (Fig. 5) . Our results thus link the findings of two independent lines of research, Striebel et al.'s (2008 Striebel et al.'s ( , 2009a observation that richness and seston C : P are positively related, and Hall et al.'s (2007) finding that % chlorophytes and seston C : P are positively related. Our results unify these findings, and to r Fig. 5 . Seston (molar) C : P regressed against mean % biovolume for each major taxonomic group. (A) Chlorophytes, (B) Cyanobacteria, (C) Diatoms, (D) Cryptomonads, (E) seston C : P, and (F) % Chlorophyte biovolume regressed against taxonomic richness. Seston C : P, % biovolume, and taxonomic richness were averaged for each mesocosm across the duration of the study, and each point represents a mesocosm mean. r 2 and p-values are from simple linear regressions. Significant (p . 0.05) regressions are shown with a solid line, and nonsignificant regressions are represented with a dashed line. our knowledge are the first to show significant relationships among all three variables. Despite these consistent findings, the mechanisms accounting for the relationships among richness, taxonomic composition, and stoichiometry are difficult to ascertain because they can be driven by several direct and indirect interactions. For example, light and nutrients can directly influence the C : nutrient stoichiometry of individual species. In addition, shifts in species composition imposed by different light, nutrient, and grazing regimes can result in divergent patterns in aggregate (seston) C : N : P because of inherent speciesspecific differences in cell stoichiometry. In all likelihood, both mechanisms are important, but the consistency between our results and those of Striebel et al. (2009a,b) suggests that changes in richness have major effects on seston stoichiometry. Striebel et al. (2009b) directly manipulated phytoplankton species richness in lab experiments and found that increased richness increased assemblage C : P, thereby demonstrating a causal effect of richness on seston C : P. Thus, any factor that mediates richness can indirectly affect seston stoichiometry. In our experiment, light, nutrients, and fish all had significant effects on richness, and the fish 3 nutrient and light 3 nutrient interactions were significant. Because these treatment combinations determined richness, they also affected C : P. Effects on algal stoichiometry mediated by shifts in species composition also have been demonstrated by Liess and Kahlert (2009), who found that benthic grazers affect the C : nutrient stoichiometry of periphyton by altering periphyton taxonomic composition.
Our finding that both richness and % chlorophytes were positively related to seston C : P suggests that chlorophytes are important in mediating these relationships. In our mesocosms, chlorophytes were the most important group overall, both in terms of % biovolume and the number of taxa. Chlorophyte taxa represented 58.5% of all phytoplankton taxa, and they also contributed more to total biovolume than any other group, averaged across all mesocosms and dates (Fig. 3) . Furthermore, the number of chlorophyte taxa was highly correlated with overall taxon richness (r 2 5 0.97, p , 0.0001, n 5 23 mesocosms), and the proportional contribution of chlorophyte taxa (i.e., chlorophyte richness/total richness) was positively correlated with total richness. In other words, chlorophyte richness was relatively greater in more species-rich mesocosms. These patterns help explain why both % chlorophytes and total richness are correlated with seston C : P.
The apparent central role of chlorophytes in mediating these patterns is perhaps not surprising because this is a very diverse group in terms of traits that are potentially important for mediating responses to light, nutrients, and grazing, including size, shape, morphology, and motility. For example, chlorophytes are the only group in our study that includes flagellates, filaments, and colonies (cyanobacteria, cryptomonads and diatoms contain at most two of these forms). Furthermore, chlorophytes exhibit a wide range of cell and/or colony sizes. Size, shape, coloniality, and motility mediate the acquisition of light and nutrients and vulnerability to grazing (Litchman and Klausmeier 2008); thus, variation in these traits can lead to variation in responses to light, nutrients, and grazing. In addition, several chlorophyte taxa contain mucilaginous sheaths, which are C-rich; therefore, communities composed of more of these taxa may have higher C : nutrient ratios (Beardall et al. 2009 ). Variation in accessory pigments may also help explain the richness-C : P response because this promotes complementarity in the ability to harvest light of different wavelengths and intensity (Ptacnik et al. 2008; Striebel et al. 2009a ). It is well-known that the major phylogenetic groups differ in their pigment composition. However, even closely related species can differ in pigment composition, as well as light intensity preferences; thus, they may also differ in their responses to variation in light (Litchman and Klausmeier 2008) .
In contrast to chlorophytes, diatoms and cryptomonads were negatively correlated with seston C : P (Fig. 5) . To some extent, these negative correlations could simply be a consequence of the positive relationship between % chlorophytes and C : P, because an increase in the proportional abundance of one group must come at the expense of one or more other groups. In addition, we note that the relationship between crypomonads and seston C : P is driven by the three data points from the low-light, highnutrient, fish-present treatment, in which cryptomonads dominated biovolume. However, Hall et al. (2007) also found that seston C : P was negatively correlated with % diatoms, and the consistency of their results and ours suggests a causal linkage. The efficiency at which diatoms harvest light at low light intensity (Litchman and Klausmeier 2008) may explain why this group made up a higher proportion of biovolume under low light than under high light, and such conditions favor low C : nutrient ratios. Also, the low seston C : N observed under low-light conditions may be due both to lower C-fixation and higher N requirements at low light.
It is important to look at experimental studies such as ours in the broader context of natural systems, because smaller scale studies can provide details about biological processes that sometimes cannot be discerned at the wholelake scale. Our observed phytoplankton community composition results allow us to predict how differences in light, nutrients, and grazing in natural systems may affect algal community composition. For example, we have shown generally that light, nutrients, and predation each have implications for the relative and absolute contribution of different phytoplankton taxa. These results have been supported by studies of whole-lake communities, where total phosphorus concentrations were shown to affect the community composition of the phytoplankton (Jensen et al. 1994; Watson et al. 1997 ). However, our study also provides insight as to how other factors (light and grazing) interact with nutrients to impact phytoplankton. Specifically, from our results we may predict that, for example, diatoms may be more prevalent under low-light conditions, while under high-light conditions with high grazing pressure, chlorophytes would be more prevalent. Likewise, we can also predict how seston stoichiometry may differ among lakes, given specific supplies of resources (light and nutrients). Previous whole-lake studies have shown that light and nutrient supply affects the C : nutrient stoichiometry of the seston (Sterner et al. 1997 ). Because our results did not fully support the observations of Sterner et al. (1997) , we know that it may also be important to look at the community composition of the phytoplankton, because that can also impact stoichiometric responses. In this case, a smaller scale experimental study allowed us to isolate and explain potential deviations from predicted results, which would be helpful to explain variation observed in natural systems.
The linkages among phytoplankton taxonomic composition, richness and stoichiometry are just now emerging, but the mechanisms accounting for these relationships demand further study. Experiments such as ours, in which light, nutrients, and fish are manipulated, can be used to create assemblages with contrasting taxonomic composition, diversity, and stoichiometry. Additional physiological and biochemical measurements could be done in conjunction with such community-level experiments to reveal mechanisms. For example, measurement of pigment composition and the extent to which different assemblages in such experiments utilize light of different wavelengths may help elucidate mechanisms (Stomp et al. 2004 ). In addition, assemblages that vary in richness, resulting from large-scale manipulations, could be isolated and incubated under controlled nutrient and light conditions to assess effects on stoichiometry. Such multifaceted approaches are needed to improve our understanding of the processes by which light, nutrients, and grazers mediate algal community composition and stoichiometry. Studies such as these, where conditions can be easily manipulated, will provide information that can then be used in conjunction with large-scale studies to extrapolate results to real-world systems.
